Visualizations and diagrams help us organize many facets of data in Systems Engineering, from Pareto charts to fish bone diagrams. Typical instruction often introduces the best form of the graphical aid actively, and in doing so, ties it directly to the task. However, a major goal of education is to prepare people for future learning, as no engineering program can teach engineers everything they will need to know.
Introduction
Volumes of research have shown that visualization helps comprehension of all sorts of complicated relationships. A good visualization not only explicitly indicates structure (Breuker, 1984) , but also reveals structure in new information (Gentner, 1989; Novick, 1990) . Science education uses visualizations to understand abstract concepts or to describe phenomena that cannot be observed directly (Buckley, 2000) . Moreover, systems engineering makes use of almost every type of visualization imaginable, including matrices in Total Quality Management, networks in Program Evaluation and Review Technique (PERT), hierarchies in cause and effect diagrams, as well as Cartesian plots for system monitoring.
Nevertheless, we need people, and especially engineers, not only to be able to read and interpret existing visualizations, but also to create new visualizations to make sense of complex relationships. Because symbolic visualizations are useful for many relationships (Bertin, 1983) , it should be helpful for students to not make a one to one relationship between type of visualization and type of problem. We should not want students thinking, "I always make a network diagram for project scheduling," because there instances when a Gantt chart is more appropriate. Being able to reason about and then create the appropriate visualization to support problem solving or system monitoring is critical in the design of complex systems. The members of the engineering team who designed the control station in Chernobyl, for instance, could probably read and use a steam table, but they did not think to install a visualization of one for the operators of the power plant (Vicente, 2006.) One might think that people who are dealing with novel information do not have the skills or relevant examples to make an appropriate visualization of the novel information. However, Schwartz (1993) demonstrated that 9th and 10th graders could make appropriate visualizations (path diagrams) in both familiar and unfamiliar science topics. In light of this finding, one could just demand a visualization outright in the problem that students are to solve. However, Heckler (2010) has shown that students who are prompted to make free-body diagrams in physics were less likely to get the problem correct than students who were not. Even if a prompt were to help students be more accurate and they saw the value in it, it is not clear that they would transfer this behavior to a novel situation. Schwartz found that 50% of participants did make visualizations after receiving some instruction in visualizations, but Martin and Schwartz (2009) found that undergraduates, when faced with a faux medical diagnosis task and no prior instruction, would not organize the reference information to help them diagnose patients. They did not make a visualization of the reference information. None of the above three studies make a strong claim about the relationship between making a visualization and problem solving success. In Heckler's case, many in the unprompted condition did make a drawing; they just did not make a formal free body diagram. By his own admission, Schwartz's materials were not intended to make claims about problem solving. The problems were intended as a cover story to hide the true nature of the experiment from the students. Moreover, in Martin and Schwartz's case, the undergraduates who did not make visualizations were equally as accurate as graduate students in diagnosing the patients.
The purpose of this paper is to describe efforts made to find a new way to teach nonengineers the value of visualization. This work employs a constructivist approach-that is to say, it is better for learners to realize for themselves that they need a visualization than for an instructor to tell them to make a visualization. This is certainly a contentious statement, but the point of this work is to determine if there is evidence in support of this claim.
One task that benefits from a visualization is project scheduling. These visualizations can take multiple forms, such as a Gantt chart or a network diagram. Experienced project managers know that one visualization is not wholly superior to the other, but rather each has a benefit depending on what piece of analysis is required.
This work intends to contribute in two ways. First, it replicates Martin and Schwartz's work using typical subject material for an introductory undergraduate project management course. Second, it will examine the impact of seeing a visualization (Cartesian graph) on novice student's problem solving strategy. Specifically, does seeing the value of visualization make students more likely to make a visualization?
Method Participants
Fifty-eight students at a local community college participated in this study for class credit. No participant was an engineering major. Four participants reported having construction or project management experience. After removing those with prior experience, 21 participants were in the baseline condition and 33 participants were in the experimental condition as described below.
Design
A two group, post-test comparison design was used. The experimental condition received three tasks: the sales figures task, the favorable countries task, and the traveling sales team task. These tasks are explained in the materials section. Immediately after the three tasks, participants in the experimental condition completed the construction scheduling task. Participants in the baseline condition only received the construction scheduling task, as shown in Figure 1 . 
Materials
In the experimental condition, participants were given three tasks intended to help them see the value of visualizations (see Appendix A for the exact prompts). In the sales figures task, participants were given a table of sales figures and asked a series of questions about the data. After completing the questions, participants were provided a graphical representation of the data and were then offered the opportunity to refine or revise their answers. Participants repeated this process of answering questions using a table and revising their answers once they had a graphical representation. In the second task, the favorable countries task, the table was a list of countries and the proportion of the populace of those countries that had a favorable or unfavorable opinion of the United States.
For the third task in the experimental condition, the traveling sales team task, participants were given a list of towns and the distances between them. They were told to determine the shortest route between two of the towns, because a sales team needed to visit a customer. They did this twice, using two lists of towns that had the same underlying structure of connections and distances, but with different town names.
For both the experimental and baseline conditions, participants were presented with a construction scheduling task for constructing a building (see Appendix B for the materials used). In this construction scheduling task, participants were given a single sheet of paper containing a matrix of tasks, which included the duration for each task as well as the tasks that needed to be completed first (precedent tasks). Intentionally, the matrix only used about a quarter of the page to leave room for the participants to make notes or draw if desired, though this intention was not made explicit. Participants were also sequentially given two sheets of paper, each with two questions. The first sheet asked participants to answer: 1) How long they thought the project would take. 2) If the electrical work task were delayed by a week, what the effect would be on the overall project.
Once participants had indicated they were done with the first page, they were provided the second page, which asked:
3) Whether any of the tasks could be done at the same time and, if so, which ones. 4) If the participant could please draw a visualization to help a project manager keep track of the project.
The four questions were divided into two sheets in this way in order to see if participants would spontaneously realize that tasks in the matrix could be done in parallel, as well as to provide them space to create a visualization unprompted.
Procedure
Participants arrived at the experimental room and were told that the study was an exploratory investigation of how students who did not have any engineering exposure would approach project management tasks. They were asked to do their best, and were told that the experimenter would answer any questions they may have. The experimenter gave the participant one sheet of questions at a time, providing the next sheet once they were finished with the first, as described in the Materials section. The experimenter collected the sheets at the end of each task. Participants in the experimental condition were not rushed to finish any one task, but if they took so long as to risk running out of time, the experimenter would skip an experimental task to ensure that all participants had time for the final construction scheduling task. No participants were provided feedback on any task.
Coding
Experimental condition: Sales figures and favorable countries tasks. These first two tasks were intended to show participants the value of a visualization. Participants were asked to answer a question using tables and were then provided a visualization of the data and asked if they wanted to revise their answers. The questions were coded for a meaningful revision as an indication that they had learned something new from the visualization. For example, in the sales figures task, if a participant noticed the cyclical quarterly pattern of two months of increasing sales followed by a month of declining sales as a result of the visualization and wrote that on the second page, that response was considered a meaningful revision. If a participant communicated the same information from the table alone (e.g. December was the highest month of sales) and rephrased it on the second page, this was not considered a meaningful revision. If there was any ambiguity, the revision was considered non-meaningful.
Experimental condition: Traveling sales team task. Results were coded for any visualization of the relationships between towns. A visualization consisted of any drawing that showed a relationship between more than two towns. No explicit invitation to make a drawing was made on the sheet or instructions, but enough space was left on the paper to allow participants to draw visualizations.
Both conditions: Construction scheduling task.
Unprompted Visualization: The experimenter surreptitiously observed the participant as they engaged with the matrix page and worked on the first questions page (containing Questions 1 and 2). The experimenter noted if they reorganized or visualized the information on either the matrix sheet or the first question sheet. Codes are as follows:
Code Description Unintelligible/Nothing Either nothing was present or the coder could not determine how what was drawn could be useful.
House
The participant drew a picture of a building.
List/Flow Chart A list of the tasks, without any indication that tasks could be done at the same time. In this case, a flowchart is defined as a list with arrows between items in succession. No branching or parallel processing shown.
Grouped List A list of tasks, with some delineation that at least one group of tasks can be done at the same time. In a grouped list, tasks that can be done at the same time share a general proximity to each other, and the precedent relationship between tasks was only implicit.
Network Diagram/Gantt Chart
Similar to a traditional critical path method network diagram or a Gantt Chart, showing at least some of the tasks can be done at the same time. In a network diagram, the exact precedence of task sequences is made explicit.
Unprompted Simultaneous Tasks: Questions 1 and 2 were used in combination to infer whether the participant realized that certain tasks could be done at the same time. The first question asked how long the project would take; if participants did not realize that some tasks could be done at the same time, they were likely to add up the list of weeks to complete the task and arrive at 68 weeks. If they did realize that some tasks could be completed at the same time, they would likely give an answer less than 68 weeks.
The second question asked if the electrical work task were delayed by a week how the whole project would be affected. If participants had not realized that the electrical work was not on the critical path and therefore would not impact the overall timeline, they would increase their estimate by a week. If they realized that tasks in the project could be done at the same time, they would likely respond that there would be no change to the time estimate.
Prompted Simultaneous Tasks: Participants were asked in Question 3, "Can any of the tasks be done at the same time? If so, which ones?" Three groups of tasks in this given could be done at the same time. Two of these groups can be read directly off the table, as they share a common precedent task. One group of tasks that can be done at the same time (putting up the wallboard and exterior siding) have different precedent tasks, making this third group more difficult to identify.
Prompted Visualization: As a last question, participants were prompted to make a visualization that a project manager could use to keep track of the project. These visualizations were coded using the same coding scheme described above for the unprompted visualizations.
Results
Participants were asked if they had project management or engineering/construction experience at the beginning of the study. Four participants reported that they did and were excluded from the following analysis, as our interest is in how novices spontaneously create visualizations.
Experimental Condition: Sales figures and favorable countries tasks.
On the sales figures task, 76% (26 of 33) of the experimental condition participants added information when they received the worksheet with the visualization on it. Of particular note, many participants noted that sales figures increased without the graph. However, participants were likely to add that international sales were relatively flat except for August. Some participants noted the cyclical nature of domestic sales growth in which there were two months of increasing sales and one declining month. On the favorable countries task, participants were fairly accurate, with 78% (25 of 32) correctly identifying the three most favorable countries. One participant did not do this task due because he spent over 30 minutes on the sales figures task. Only five of 32 participants made a change in their recommendation once they were given a visualization of the data. Of those five, three had an incorrect answer and changed it to the correct answer.
Across the first two tasks, 26 of 33 participants made some change to their answers after receiving a visualization, potentially indicating that participants gained additional information from the visualization that was not obvious in the table data. All five participants who made a change based on the favorable countries visualization also made a meaningful revision during the sales figures task. Taken together, these results suggest that participants in the experimental condition found the representations useful.
Experimental Condition: Traveling sales team task. A Fisher's exact test demonstrates that drawing a visualization made a significant difference in getting the problem correct, p = 0.012. As shown in Table 1 , the overwhelming majority of participants, 19, did not make a visualization and did not get either problem correct. The two most common incorrect answers (travel from E to D to C and travel from V to W to X) were adjacent rows in the table and are adjacent letters in the alphabet.
Both Conditions: Construction Scheduling Task.
Unprompted Simultaneous Tasks: Participants in both conditions were asked how long the construction project would take. The median response for each condition was 68 weeks, which is the time the project would take if no construction activities were done in parallel. Three participants (14%) in the baseline condition and seven participants (21%) in the experimental condition reported a project time of less than 68 weeks. There is no statistical difference between conditions. Participants were asked how a delay of one week to the electrical work would affect the overall project timeline. Two participants (9%) in the baseline condition and five participants (15%) in the experimental condition recognized that the electrical work was not on the critical path and would not cause a delay in the overall project. There is no statistical difference between conditions. These two questions are highly related. Across conditions, a Fisher's exact test demonstrates that the odds of saying there would be a delay to the overall project are 53 times greater if a participant responded that the project would take 68 weeks or longer as compared to one who responded that the project would take less than 68 weeks (p < 0.001).
Prompted Simultaneous Tasks:
On the second sheet of the construction scheduling task participants were asked directly if any of the tasks could be done simultaneously. Most participants responded in the affirmative, as shown in Table 3 . A Fisher's exact test revealed that a participant in the experimental condition was twelve times more likely to answer yes to the question than a participant in the baseline condition (p = 0.11). Figure 3 is a traditional precedence diagram for the construction scheduling task, that highlights which groups of tasks can be done simultaneously. The electrical work (EW), installing the plumbing (IP), and putting on the roof (RO), are one group of tasks that can be done simultaneously, painting (PT) and installing the flooring (FR) is another group, and putting up the wallboard (WB) and the exterior siding (XS) is the third group. Table 3 shows which groups of tasks participants correctly identified. As expected, the two groups EW-IP-RO and PT-FR were identified by more participants than WB-XS. Participants in the Experimental Condition were descriptively (though not significantly) more likely to correctly make the group that was not easily read from the table (PT-FR). The central hypothesis is that participants in the experimental condition would be more likely to make a visualization on the construction scheduling task unprompted than participants in the baseline condition. 
During the unprompted portion of the task, a higher proportion of the experimental condition made some sort of visualization than the baseline condition (24% versus 14%), but a Fisher's exact test did not demonstrate a significant difference, p = 0.49. During the prompted portion of the task, a higher proportion of the experimental condition made a form of a network diagram or Gantt chart (36% vs 24%), but again a Fisher's test did not demonstrate a significant difference in type of visualization p = 0.27.
Discussion
Results from the sales figures and favorable countries tasks suggest that visualizations were helpful for students in the experimental condition. Participants in both tasks made meaningful changes to their responses when given a visualization. Furthermore, the results from the traveling sales team task suggests that participants in the experimental condition benefitted from drawing their own visual representation, with a positive significant association between spontaneously constructing a visualization and getting the right answer.
The conclusions from the comparison across conditions are less clear. While the tendency for participants to draw and capitalize upon visualizations was descriptively higher for participants in the Experimental condition (drawing Gantt charts; recognizing PT-FR could be grouped), these patterns did not generalize rise to statistical significance. Given the low percentages of students in both conditions who spontaneously drew diagrams and/or solved the tasks correctly, it seems that the tasks may have been too difficult for this population. In the next iteration of the study,
The activities that the experimental condition participants completed did not lead them to create significantly more visualizations unprompted. Additionally, they were as likely as their baseline counterparts to view the list of construction activities in the construction scheduling task as needing to be done in serial. However, when asked if construction activities could be done simultaneously, participants in the experimental condition were more likely to respond that they could as compared to the baseline condition. This may be evidence that they would be more open to changing their approach or learning a new way to approach the problem, but this is a very preliminary and tentative interpretation. While hopefully unlikely, it may be the case that the participants in the experimental condition are simply more open-minded. The post-test-only design cannot rule out this possibility.
Even if the experimental condition participants are more open to thinking differently about the construction scheduling task, they are unable to do much with that willingness. Arguably, their prompted visualizations were of higher quality, as a higher proportion of the experimental condition participants created visualizations that acknowledged the role of precedent tasks, but this is not a statistically significant difference. Further, the visualizations they made did not enable them to identify more of the groups of construction activities that could be done simultaneously. They may prepared to learn more from a lecture on visualizations now than there baseline counterparts. This will be a focal point for next steps.
Because of the study design, the experimental tasks may or may not be responsible for causing participants in the experimental condition to be more open to thinking differently about the problem. But if the tasks were responsible or did contribute to this change, how might they have done so?
It is likely that the sales figures task had the intended effect of helping participants recognize the value of the visualization. Most participants (76%) revised their previous answer with new information when they received the visualization. The two most common things noticed were that international sales in August were much lower than the rest of the year, and that there was a cyclical pattern to the growth in domestic sales.
The favorable countries task probably did not help participants to see the value of the visualization. Most participants were able to identify the three most favorable countries correctly without the visualization. Across both of these tasks, several participants informally remarked that the visualizations did make the task easier. These data will be collected more systematically in the next experiment to determine the effect of the visualization treatment.
In the traveling sales team task, two participants made two visualizations and four participants made one visualization of the town network. Because most did not reorganize the information into a more useful form, it is unlikely participants found the various ways to get from the current town to the target town. In the isomorphic network, there are four ways to get from the current town to the target town. The most common incorrect answers were adjacent lines in the matrix. The task itself may have encouraged some satisficing behavior-it is counterintuitive that the shortest route could be through two nodes, and that the letters of the town are adjacent in the alphabet may have discouraged a more complete exploration of the solution space. On the other hand, if participants were conscious that they had settled on an answer that may have not been the right one, this may have provided the nudge they needed to be more willing to reconsider the construction scheduling task.
Conclusion
On the one hand, these results are promising that (1) the choice to reason from and/or spontaneously draw a visual representation is beneficial, and that (2) the choice to spontaneously draw a diagram is an important one to study. However, the lack of significant differences across conditions make it difficult to draw generalizable conclusions from this work-in-progress. Still, there are hints of how to improve the materials and design to further illuminate the conditions under which novice engineering students choose to draw visualizations. Future work will include revising these materials to ensure that all participants do see the value of a visualization and developing an intervention to allow participants to learn and use a novel visualization. One possibility is that the tasks are too difficult for this population, for which there is some evidence in the present data. Simplifying the tasks may encourage more visualizations. Another possibility to explore is given the same tasks, would the Experimental Condition be better prepared to learn (Schwartz & Bransford, 1999 ) from a lecture on the benefits/types of visualizations.
Previous work has shown that diagrams are beneficial for solving complicated problems. However, if students use the wrong diagram, it makes the task harder (Hurley & Novick, 2007) . Not enough research has examined the choice to draw a diagram in the first place, especially among novice engineering students. The present study contributes a small but important step in this direction.
What are the top three countries would you recommend for establishing a new office?
Favorable Countries Task: Page 2
Here is a graph of the data on the previous page. Are there any adjustments you would like to make to your recommendation?
Sales Team Task Page 1
A sales team needs to visit the customers. They want to travel the least amount of time as they can, to minimize expenses. In their sales territory, they have the following towns: 
